T-cell-mediated immunity is known to play a central role in the host response to Candida albicans. T-cell clones are useful tools for the exact identification of fungal T-cell epitopes and the processing requirements of C. albicans antigens. We isolated human T-cell clones from an HLA-DRB1*1101 healthy donor by using an antigenic extract (MP-F2) of the fungus. Specific clones were T-cell receptor ␣/␤ and CD4 ؉ /CD8 ؊ and showed a T-helper type 1 cytokine profile (production of gamma interferon and not interleukin-4). The large majority of these clones recognized both the natural (highly glycosylated) and the recombinant (nonglycosylated) 65-kDa mannoprotein (MP65), an MP-F2 minor constituent that was confirmed to be an immunodominant antigen of the human T-cell response. Surprisingly, most of the clones recognized two synthetic peptides of different MP65 regions. However, the peptides shared the amino acid motif IXSXIXXL, which may be envisaged as a motif sequence representing the minimal epitope recognized by these clones. Three clones recognized natural and pronase-treated MP65 but did not detect nonglycosylated, recombinant MP65 or the peptides, suggesting a possible role for polysaccharides in T-cell recognition of C. albicans. Finally, lymphoblastoid B-cell lines were efficient antigen-presenting cells (APC) for recombinant MP65 and peptides but failed to present natural, glycosylated antigens, suggesting that nonprofessional APC might be defective in processing highly glycosylated yeast proteins. In conclusion, this study provides the first characterization of C. albicans-specific human T-cell clones and provides new clues for the definition of the cellular immune response against C. albicans.
Fungal opportunistic infections, in particular, those caused by Candida species, have gained considerable significance as a cause of morbidity and mortality. Mucosal candidiasis is frequent in immunocompromised patients, especially those infected by the human immunodeficiency virus or those affected by idiopathic CD4 ϩ T lymphocytopenia (6, 15, 34, 44) , while deep-seated candidiasis is highly prevalent in neutropenic, bone marrow transplant patients (28, 30, 53) . Finally, a large incidence of vaginal infection by Candida is recorded in otherwise healthy women of premenopausal age (24) .
Although some controversy exists about the final effector mechanisms of anti-Candida protection (9, 45, 46) , cellular immune responses, in particular, those relying on or regulated by T lymphocytes, are generally considered of utmost importance for the induction of a protective state. In particular, this notion has been well established with experimental models of infection with Candida albicans, the most pathogenic species of the genus. This fungus is an ordinary human commensal, capable in this state of inducing persistent humoral and cellular responses in healthy subjects, as witnessed by the presence of antibodies against various cell surface constituents, intense proliferative responses of peripheral blood mononuclear cells (PBMC), and delayed-type hypersensitivity following stimulation with Candida antigens (24) . All these responses are representative of an active immunization state. Thus, oral candidiasis in human immunodeficiency virus-infected subjects is believed to be caused by the acquired T-lymphocyte deficiency, and the onset of mucosal candidiasis in these patients is closely related to both numerical and functional decreases in CD4 ϩ T lymphocytes (6, 15, 31, 37, 44, 51) .
Human T-cell lines and T-cell clones (TCC) specific for C. albicans have rarely been generated and described in the literature (29, 33) , although they could be useful tools in the study of immune responses to Candida. TCC could provide direct clues about the nature and requirements for antigen processing of complex natural glycoconjugates, such as the mannoproteins, which are major T-cell antigens of this fungus (10, 12, 27, 52) . They could also provide direct evidence of immunodominant epitopes of the pathogen and might be useful for immunoreconstitution therapy of some forms of candidiasis (33, 51) . However, we are unaware of any approach specifically devoted to understanding immune responses in candidiasis by the use of Candida-specific human TCC.
The 65-kDa mannoprotein (MP65) has long been demonstrated to be a major target of T-cell responses in humans (3, 4, 7, 10, 26, 52) . Some properties of this major Candida antigen with regard to potential immunoprophylactic or immunotherapeutic activity, or even for use as an immunodiagnostic reagent, have been disclosed. However, the importance of MP65 relative to that of other C. albicans antigens in inducing a T-cell response could be derived only from a comparison with other products. In addition, little information on the antigenic availability of MP65 and its processing requirements could be obtained by use of PBMC for measurement of the response to the antigen. Some putative epitopes could be identified by studying the proliferative response of PBMC to MP65 peptides derived from tryptic digestion (26) , but a full definition of the antigenic properties and epitopes of MP65 could not be established by use of the polyclonal T-cell populations represented by PBMC.
The aims of this work were to establish C. albicans antigenspecific human TCC and to examine the extent to which they recognize MP65 as a major antigen among soluble fungal products. Efforts were also made to further characterize T-cell epitopes among the most immunogenic peptides of MP65 in an attempt to define HLA restriction. Finally, we compared some processing features of natural (glycosylated) and recombinant (nonglycosylated) MP65 (32) with the aim of discovering a possible role of polysaccharides in the processing requirements and T-cell recognition of this major antigen of C. albicans.
tories, Grand Island, N.Y.) or 5% human serum (Sigma) was added. IL-2 was used at 10 to 100 U/ml.
MP-F2-specific TCC. MP-F2-specific TCC were derived from PBMC of a DRB1*1101 (DR5) normal donor as previously described (40, 41) . Briefly, PBMC were purified from heparinized blood on a density gradient (Lymphoprep; Nycomed Pharma AS, Oslo, Norway) and resuspended in complete medium supplemented with 5% autologous serum in the presence or absence of 5 g of MP-F2/ml. After 5 and 10 days, 10 and 100 U of IL-2/ml, respectively, were added to the cultures. After 5 additional days, cultures showing significant cell growth were considered positive. Cells were counted and cloned by limiting dilution in the presence of 5 ϫ 10 5 irradiated PBMC, 1 g of PHA/ml, and 100 U of IL-2/ml. After 10 to 15 days, growing cultures were expanded in medium containing 100 U of IL-2/ml and finally tested for MP-F2 specificity by a proliferation assay using irradiated autologous PBMC prepulsed or not prepulsed with MP-F2 at 5 g/ml. MP-F2-specific clones were maintained and expanded in cultures with 25-to 35-day cycles of restimulation with PHA and irradiated PBMC.
Epstein-Barr virus-transformed LCL and DC. Lymphoblastoid B-cell lines (LCL) were established from the same donor by infecting 10 6 PBMC in an overnight incubation with Epstein-Barr virus-containing supernatant from the B.869 cell line and then were cultured in complete medium supplemented with 10% FCS and 0.5 g of cyclosporine/ml. Dendritic cells (DC) were prepared by isolation on Percoll gradients of monocytes from PBMC as described previously (47) . After 5 days of culturing in the presence of granulocyte-macrophage colony-stimulating factor and IL-4, cells were treated with antigen or apoptotic cells overnight (1, 2) and then were treated with lipopolysaccharide (Sigma) for 6 h to induce final differentiation. After extensive washings, cells were used as antigen- LCL as APC in 10% FCS-containing complete medium. C. albicans and S. cerevisiae antigens were used at a final concentration of 5 g (polysaccharide for MP-F2 and M-sMP and protein for purified molecules) per milliliter. Synthetic peptides were used at 10 g/ml. In dose-response tests, twofold dilutions from 5 to 1.25 g/ml (mannoproteins and proteins) or from 10 to 0.312 g/ml (peptides) were used.
In inhibition experiments, autologous LCL were incubated with peptides at 2 g/ml for 2 h at 4°C. LCL were then washed and incubated for 1 h with decreasing concentrations of anti-HLA-DR (from 1:4 to 1:64 twofold dilutions of L243 cell culture supernatant) before TCC were added for the proliferation assay.
In all proliferation assays, tritiated thymidine was added at 5 Ci/well after 48 h of culturing, and cells were harvested 18 h later. Results were expressed as mean counts per minute in triplicate wells.
Cytokine determinations. The production of cytokines by selected MP-F2-specific TCC, chosen from among those showing different reactivities, was measured with pooled supernatants from 0.2-ml cultures containing 5 ϫ 10 5 irradiated autologous PBMC/ml and 5 ϫ 10 5 TCC/ml, with or without MP-F2 at 10 g/ml. Culture supernatants were collected after 48 h of culturing. Gamma interferon (IFN-␥) and IL-4 were measured using a commercial enzyme-linked immunosorbent assay according to manufacturer instructions (Quantikine; R&D Systems, Inc., Minneapolis, Minn.). Phenotypic analysis. Aliquots of 2 ϫ 10 5 TCC were harvested from macrocultures, washed twice with cold 0.1% bovine serum albumin-phosphate-buffered saline, and stained with FITC-conjugated anti-CD4 or anti-CD8 MAb. An FITC-conjugated mouse IgG control (Becton Dickinson) served for background determination. After washings, cells were resuspended in medium suitable for FACScan (Becton Dickinson) analysis.
Fluorescence intensity was evaluated by computerized analysis of histograms generated from at least 5,000 viable cells (5) .
RESULTS

Generation of MP-F2-specific TCC.
To generate specific human TCC, we used the highly immunogenic mannoproteinrich fraction of C. albicans, MP-F2 (52), and PBMC from an HLA-DRB1*1101 (DR5) high-responder donor, as in previous experiments (32) . Fifty-five clones from among 300 screened were selected for a specific proliferative response to MP-F2. All of the specific clones were tested for immunophenotyping by flow cytometry and were found to be alpha or beta T-cell receptor (TCR-␣/␤) CD4 ϩ /CD8 Ϫ cells. The specificity of TCC for MP-F2 was verified by use of three proliferation assays with irradiated autologous PBMC prepulsed or not prepulsed with MP-F2. In addition, none of the clones tested proliferated in the presence of Sc-rMP65 or TT (Table 1) . Furthermore, clonality was assessed via a subcloning test, which showed 100% MP-F2 specificity of growing subcloned cells. Interestingly, all TCC proliferated with MP-F2 in the presence of autologous PBMC as APC (Fig. 1A) but not with autologous LCL (Fig. 1B) . Since T-cell-secreted cytokines are critical regulatory components of immunological responses, we also measured the production of IFN-␥ and IL-4 in supernatants of MP-F2-stimulated TCC cultures with autologous PBMC as APC. All TCC tested secreted IFN-␥ but not IL-4, suggesting that MP-F2 prevalently induces a typical T-helper type 1 (Th1) immune response and substantially confirming previous results from experimental animal models and PBMC proliferation assays (4, 38) .
Identification of MP65 as an immunodominant antigen in MP-F2.
MP-F2 is a fraction from a crude mannoprotein extract of yeast cells of C. albicans separated from a whole cellular extract of the fungus by ion-exchange chromatography (52) . MP65 is quantitatively a minor molecular constituent of MP-F2 and of other C. albicans fractions, such as the secretory hyphal constituent M-sMP, but is recognized as a main target of the human T-cell response against C. albicans (26). We therefore evaluated which fraction of MP-F2-specific clones recognized MP65 so as to have a direct measure of the relative immunodominance of this latter mannoprotein in the anti-C. Fig. 2 , the majority of the MP-F2-specific TCC proliferated when tested with MP65-pulsed APC, suggesting that, although a minor molecular component of the preparation, MP65 represents its major antigen recognized by T cells. Since MP65 is amply O glycosylated (about one-third of the molecular mass [26] ), we attempted to gain some insight into the influence of the polysaccharide moiety in MP65 T-cell epitope recognition. We therefore investigated the reactivities of all MP-F2-specific TCC toward the nonglycosylated recombinant (Ca-rMP65), natural MP65, untreated M-sMP, or MsMP-P. The large majority of TCC recognized M-sMP, natural MP65, and Ca-rMP65 but not M-sMP-P. However, 3 out of 55 MP-F2-specific TCC recognized natural MP65, M-sMP, and M-sMP-P but not Ca-rMP65. Figure 3 shows representative responses of two TCC having these opposite reactivities. Figure 3 also shows that none of the TCC recognized Sc-rMP65, further attesting to the specificity of C. albicans MP65 epitope recognition.
A motif sequence for MP65 peptide recognition by T cells. A previous study with MP65-stimulated PBMC identified two internal peptides as antigenic determinants of the molecule (26) . Thus, in the attempt to identify major epitopes of MP65 in HLA-DRB1*1101 (DR5) subjects, we first investigated the TCC responses toward these two putative T-cell epitopes. Two pairs of peptides (T1a-T1b and T2a-T2b) were synthesized to reproduce the sequences of two previously described (26) Figure  4A shows two representative TCC with different reactivities toward natural MP65, Ca-rMP65, and synthetic peptides T1a, T1b, T2a, and T2b. Clone 0.3/26 reacted with both natural MP65 and recombinant MP65 as well as with peptides T1b, T2b, and T2a. The same results were obtained with the majority of the TCC tested, although different clones showed differences in the peptide resulting in the highest proliferation. Clone 0.3/18, on the other hand, showed a proliferative response when tested with natural MP65 but not with Ca-rMP65 or with the peptides used. Interestingly, this latter clone is one of the few which also proliferated in the presence of pronasetreated antigens (Fig. 3) . The inability of this clone to respond to peptides or to Ca-rMP65 (which is nonglycosylated) and its ability to respond to protein-digested preparations suggest that the polysaccharide moiety of the molecule could be involved, at least in part, in the T-cell recognition of this C. albicans antigen.
When tested for recognition of each peptide, the majority of our TCC recognizing Ca-rMP65 also did recognize the pair T2a-T2b and, surprisingly, the peptide T1b. Although there was a clear overlapping of sequences between each pair, no apparent homology exists between peptides T1 and T2 (Table  2) . Only four TCC recognized peptide T1a (Fig. 4A) . The proliferative responses to decreasing amounts of peptides T1b and T2a of a representative TCC are shown in Fig. 4B . It was clear that a single TCC recognized both peptides, although with slightly different affinities. The double reactivity with peptide T1a or T1b and peptide T2a or T2b was confirmed by using subclones of three different primary TCC (data not shown). Proliferation was inhibited by an anti-HLA class II MAb in a dose-dependent manner, indicating that MP-F2-specific TCC were class II restricted and excluding a mitogenic effect of possible peptide contaminants (Fig. 5) . The most likely explanation is that most of our MP65-specific TCC recognize amino acid sequences characterized by the presence of fixed residues (I, S, I, and L) flanked by nonrelevant amino acids, according to the motif sequence reported in Table 2 . Importantly, no such motif was present in any region of S. cerevisiae MP65, while two of them were present in MP65 of C. albicans (8, 32) .
Processing requirement of MP65. In screening our clones, we noted that autologous LCL were unable to act as MP-F2 APC; in fact, none of the clones was induced to proliferate with natural MP65-pulsed LCL (Fig. 1B) . The same results were obtained when LCL from an HLA class II-compatible healthy subject were used (data not shown). We next assayed the capacity of autologous LCL to act as APC using different preparations of MP65, such as Ca-rMP65, MP-F2, and synthetic peptides, as sources of MP65 epitopes. As shown in Fig.  6 , only Ca-rMP65 and peptides were efficiently presented by LCL to MP-F2-specific TCC. The failure of LCL to present natural MP65 might be related to the polysaccharide moiety of the glycoprotein, which could impair the uptake and/or the processing of natural MP65 in B cells. The possible lack of processing machinery to digest mannoproteins in B cells was investigated in cross-presentation experiments. LCL pulsed with or without MP-F2 were irradiated to induce apoptosis and then incubated with autologous DC. After incubation with apoptotic LCL, DC were induced to maturation with lipopolysaccharide and then used as APC for MP65-specific clones. Figure 6 shows that DC previously exposed to apoptotic LCL pulsed with MP-F2 were able to present MP65 epitopes to TCC.
DISCUSSION
TCC are useful tools in the dissection of immune responses to self and non-self antigens. The isolation of antigen-specific TCC is crucial when the exact definition of antigenic specificity, as well as epitope dominance and functional assets of individual T-cell responses, is needed (14, 43, 54) . Mucosal candidiasis relies upon some local or systemic deficiency in T-cell responses (6, 9, 10, 12, 18, 24, 37) . Therefore, the analysis of these responses would greatly benefit from careful assessment of fine antigen recognition, phenotype, and function of TCC. Such an analysis would also provide potentially therapeutic tools for an attempt to reconstitute a protective response by administration of TCC which were deleted or altered in their specificity or function as a result of the immune deficiency.
Despite these promising perspectives, Candida-specific TCC have only sporadically been investigated (29) . For instance, Sieck et al. showed that Candida-specific T-cell lines (antigen not specified) allowed fungus elimination from infected mice (50) . More recently, Manca et al. demonstrated the preserved antigen specificity of Candida-reactive T-cell lines in AIDS subjects, despite the well-known numerical loss of specific clones (33) . Overall, we are unaware of any published report specifically devoted to an understanding of defined antigen specificity in candidiasis through the use of human TCC.
One of the reasons for the paucity of TCC generation and usage in research on anticandidal immunity is the relatively low-grade definition of Candida antigens involved in the stimulation of T-cell responses and recognized as dominant T-cell epitopes. We have long been studying a 65-kDa mannoprotein of C. albicans, MP65, a structural and secretory component of the fungus that is particularly abundant in extracellular fractions of hyphal cells (4, 7, 26, 27) . The reasons for focusing on this constituent were twofold. First, it is the main glycosylated member of a mannoprotein-rich fraction, MP-F2, capable of inducing an appreciable level of protection against murine candidiasis (10). Second, it was recognized as the main stimulating Candida antigen by peripheral blood lymphocytes from almost all healthy subjects tested (28, 32) . Moreover, in animals immunized with MP-F2, the MP65 constituent was the principal one recognized by the animal splenocytes and was a strong stimulator of a delayed-type hypersensitivity reaction in vivo. More recently, the gene encoding the protein component of MP65 was cloned, and a recombinant product that was also strongly antigenic in human PBMC cultures was generated (32) .
In order to understand more thoroughly the antigenic properties of MP65, we have generated human TCC using MP-F2 to stimulate PBMC from a healthy donor. It is generally believed that, when an antigen is added to PBMC in vitro, memory-experienced cells represent the population of CD4 ϩ T cells that specifically proliferate. These cells originate from in vivoprimed lymphocytes upon presentation by professional APC of peptides with a high level of binding to MHC class II molecules, selected by enzymatic digestion of the antigen. The large majority of MP-F2-reactive clones generated were indeed reactive with MP65, a minor component of the MP-F2 mixture, indicating that in vivo MP65 is an immunodominant antigen that, more than others, is able to expand the specific T-lymphocyte population.
All of the clones tested were CD4 ϩ and secreted IFN-␥ but not IL-4 upon specific antigenic challenge, indicating a clear Th1 phenotype (4) . It has been suggested that a Th1 response is an essential constituent of anti-Candida protection, although Th1 and Th2 responses may vary in different body sites (16, 22) . A close cooperation between innate and adaptive re- sponses appears to be required for anti-Candida protection, as also evidenced by the various strategies of immunoevasion adopted by the fungus (21) . In this context, the clear definition of MP65-specific TCC as Th1 lymphocytes would indicate a potential role of these cells in the recognition of and possibly the defense against Candida invasion in humans. Experiments are in progress to assess the capacity of this constituent to induce protection in various experimental models of candidiasis. We also wanted to investigate which epitopes were recognized by our MP65-specific TCC. TCC were isolated from an HLA-DRB1*1101 (DR5) donor whose PBMC responded to MP-F2 and MP65 peptides, T1 and T2, which have been previously shown to be inducers of human PBMC proliferation in several subjects tested (26) . Peptides T1 and T2 were synthesized as two overlapping pairs (T1a-T1b and T2a-T2b) to reproduce the sequences of tryptic peptides of MP65 (Table 2) . We noted that each clone recognizing the homologous pair T2a-T2b also recognized T1b. This result was rather surprising given that all lymphocytes of a TCC share the same TCR, thus virtually recognizing a single MHC-peptide complex. The possibility that every TCC was not a clone but was a mixture of two clones, one recognizing T1a or T1b and the other recognizing T2a or T2b peptides, exists in theory but is highly improbable. In fact, this reactivity was observed in all the Ca-rMP65-recognizing TCC, which have been isolated from different cultures grown after limiting dilution at 0.3 to 1 cell/well. The double reactivity with peptides T1a or T1b and T2a or T2b was confirmed by using subclones of three different primary TCC. A close insight into the peptide sequences suggested that T2a, T2b, and T1b have some residues (I, S, I, and L) at fixed positions in their sequences, flanked by other amino acids nonrelevant for peptide recognition. In the peptide sequence of a T-cell epitope, at least two amino acids are required to bind the MHC class II groove and two are required to engage the TCR of a specific T lymphocyte (36, 55) . In this regard, it is of interest to note that peptide T1a has IXSXI but lacks the terminal lysine of the hypothesized motif, and it is not recognized by the majority of TCC which recognize the other three peptides. In addition, only a minority of other TCC recognize peptide T1a. The motif sequence is not present in any region of S. cerevisiae MP65, which is not recognized at all by our MP65-specific clones.
The availability of distinct MP65-specific TCC and both the natural (glycosylated) protein and the recombinant (nonglycosylated) protein allowed the analysis of the relevance of glycosylation in the specific recognition of this antigen by human T lymphocytes. First, we observed that three of our TCC were reactive with MP-F2, natural MP65, and M-sMP-P but not with recombinant MP65 or the synthetic peptides T1a, T1b, T2a, and T2b. These observations, although inconclusive, suggest possible T-cell recognition of the polysaccharide moiety, which accounts for about one-third of the whole molecule and is apparently composed of O-linked mannosyl residues only, given the absence in the molecule of a putative N-glycosidic site (17, 25, 32) . Glycopeptides (25) and glycolipids (39, 49) have in fact been identified as defined T-cell epitopes presented in the context of classical MHC molecules and CD1 molecules, respectively. In addition, T-cell recognition of a glycosidic moiety has been suggested in the definition of epitopes in human allergens (20, 48) . Thus, the possibility exists that complex polysaccharides linked to C. albicans proteins are involved in T-cell recognition of this pathogen. Given that most surface antigens of the fungus are indeed polysaccharidic in nature, studies aimed at a better definition of possible T-cell recognition of polysaccharides are currently in progress.
Second, we observed that LCL were unable to present natural MP65 but retained the ability to present Ca-rMP65 and peptides. However, DC were able to stimulate MP65-specific TCC after phagocytosis of natural MP65-pulsed apoptotic LCL (1, 2, 56 ). These data suggest that LCL can concentrate but not digest natural MP65. LCL have been previously described to have limitations in processing ability (35) . These limitations have been ascribed to restriction or diversity in other APC in the proteolytic machinery used to cleave proteins into MHC class II binding peptides (13, 19) . For MP65, however, LCL were able to digest the recombinant protein, revealing the efficiency of the protein-digesting machinery. Thus, it can be hypothesized that the enzymatic digestion of antigen in nonprofessional APC, such as LCL, is highly affected by the presence of O-linked mannoside chains that could hinder the cleavage of certain protein substrates. Interestingly, natural MP65 was demonstrated to be totally resistant to any protease (trypsin, chymotrypsin, or endoproteinase Asp-N) treatment used to partially or completely digest the molecule, unless it was previously denatured by heat (100°C) or sodium dodecyl sulfate (26) .
The inability of nonprofessional APC to process natural MP65 could have functional consequences in AIDS patients, who have a high predisposition to mucosal candidiasis (6, 15) . Because the availability of functional professional APC in lymph nodes decreases with the progression of the disease (23, 42) , it can be hypothesized that the relative importance in activating T lymphocytes of nonprofessional APC, such as B lymphocytes, progressively increases. Thus, the inability of B cells to present a major antigen of C. albicans may contribute, together with the decrease in the level of specific CD4 ϩ T cells, to the onset of disease.
In conclusion, in this paper we report the first characterization of C. albicans-specific human TCC and demonstrate the immunodominance of MP65 among C. albicans soluble products. We also provide evidence on the relevance of polysaccharides in the processing and T-cell recognition of MP65. Finally, we propose a motif sequence that, in HLA-DRB1*1101 (DR5) subjects, may represent the characterizing epitope of MP65 useful for possible immune intervention. Further studies using donors with other HLA class II haplotypes are required to extend the epitope mapping of MP65.
